Abstract. This paper presents a single phase full bridge inverter with coupled filter inductors and voltage doubler for PV module integrated converter (MIC) system. In DC/DC stage, full bridge circuit with high frequency sinusoidal pulse width modulation control is used, and high frequency transformer with voltage doubler rectifier circuit to increase conversional ratio is adopted. Finally, at the conversion end the rectified sinusoidal waveforms is generated. The coupled filter inductors, which are placed in voltage doubler, not only reduce circulating current, which increases efficiency but also make the rectified output sinusoidal waveforms of DC/DC stage as smooth voltage source. In DC/AC stage, the full bridge circuit with line frequency square wave control is adopted to reduce switching losses and control cost. To verify the presented analysis a 100 W prototype single phase 220 VAC 50 Hz inverter output has been constructed and the experimental results are given.
Introduction
Among a variety of the renewable energy sources, photovoltaic (PV) sources are predicted to become important contributors to electricity generation among all renewable energy candidates by 2040 [1] . Currently, there are three widely used PV systems: the centralized inverter system, the string inverter system and the module integrated converter (MIC) system [2] [3] [4] . Since the MIC system offers "plug and play" concept, it has become the trend for the future PV system development, however, challenges remain in terms of cost, reliability and stability [5] [6] [7] [8] . As the MIC is most often fed from a single PV module, its typical power rating between 100 and 200 W are also quite common [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among key system requirements there are: compactness, high reliability and low cost.
In the traditional MIC which is shown in Fig. 1 , the power conversion process can be easily divided into two separate stages -DC/DC and DC/AC conversions [1] . In this arrangement, the DC/DC stage generates a constant dc link and sinusoidal pulse width modulation (SPWM) is used in the DC/AC inversion stage to produce AC waveforms that meet the prevailing harmonic standards. However, PWM control introduces additional switching losses and requires additional control circuitry. Gate drivers are more complex and control cost is higher. On the other hand, the main challenge for DC/DC stage is that it must have high conversion ratio to increase the low input voltage from PV panel.
In order to achieve high conversion ratio and increase efficiency in the DC/DC stage and also avoid the penalties associated with a PWM control in DC/AC stage, this paper proposes a single phase full bridge MIC with coupled filter inductors and voltage doubler shown in Fig. 2 . The DC/DC stage generates rectified sinusoidal waveforms on the dc link. This makes it possible to reduce the output stage inverter to an unfolder using a simple line frequency square-wave control. The voltage doubler is adopted to increase conversion ratio, and the coupled filter inductors are placed in voltage doubler, The coupled inductors also reduce the circulating current which make the energy transfer back to source. The paper firstly studies DC/DC stage in detail. The operation and key features of the individual modes of the MIC * e-mail: jmpan@sjtu.edu.cn are discussed. The theoretical analyses are performed to explain the reducing of circulating current by coupled filter inductors. Also, the conversion ratio is analyzed. Secondly, the DC/AC stage with line frequency square-wave control is introduced. Finally, experimental results of a 100 W converter with 48-VDC input and 220 VAC 50 Hz output are provided at the end of the paper to confirm the theoretical analysis.
Operational principle
The proposed MIC system is shown in Fig. 2 . Voltage-doubler and high frequency transformer are adopted to step up output voltage and coupled inductors L f 1 and L f 2 are adopted not only to be as filter inductors but also to reduce the circulating current. Several assumptions are made as follows:
1. Transformer includes primary side T p and secondary side T S , and their currents and voltages are i p and i S , V T p and 1) Mode 1 (t 0 ≤ t ≤ t 1 ). The gate signals of S 1 and S 4 are the same and they are turned on at the same time. The input voltage V in is transferred to the primary side T P , that is, V T p = V in . D r2 is turned off, D r1 is turned on and C r1 is charged by i Lf 1 (t), that is, i Lf 2 (t) = 0, i Lf 1 (t) = i S (t) and V Cr1 = V DC /2. i P (t) = ni S (t) and i P (t) increases lineally from t 0 . The voltage expression of coupled inductor L f 1 can be represented as follows:
Since i Lf 2 (t) = 0, and i P (t) can be represented as follows:
where M is mutual inductance between L f 1 and L f 2 .
2) Mode 2 (t
3) Mode 3 (t 2 ≤ t ≤ t 3 ). The current i P (t) decreases to zero. D r1 and D r2 are turned on, i Lf 1 (t) = i Lf 2 (t), and 
4) Mode 4 (t 3 ≤ t ≤ t 4 ). Currents i Lf 1 (t) and i Lf 2 (t) decrease to zero. Since C r1 is charged and C r2 is discharged in mode 1-3, V Cr1 is larger than V Cr2 in this mode and then D r2 is on and i Lf 2 (t) is not zero. However, V Cr2− − V Cr1 is much smaller and the inductance of T P is much larger, i Lf 2 (t) is very small compared with modes 1-3 and can be seen as zero, thus V T s can be simplified as −V Cr2 , that is,
5) Mode 5 (t 3 ≤ t ≤ t 4 ).
The primary current i P (t) flows through S 2 and S 3 , another cycle is began, and the analyses are similar with modes 1-4.
Analysis of Coupled Inductors
In Fig. 5 , i − p (t 1 ≤ t ≤ t 2 ) is circulating current which makes energy return back to source. In order to decrease the circulating current, the filter inductors L f 1 and L f 2 are coupled with each other is adopted. The dashed line (t 1 < t < t ′ 2 ) in Fig. 5 shows the currents i Lf 1 (t), i Lf 2 (t) and i P (t) when the L f 1 and L f 2 are discrete inductors and don't coupled with each other. In this case i Lf 1 (t), i Lf 2 (t) and i P (t) can be represented as follows:
Compared with (4), (5) and (6) where L f 1 and L f 2 are coupled with each other, since there is not mutual M in (9), (10) and (11), the slope of i − p in (t 1 < t < t ′ 2 ) is smoother than that in (t 1 ≤ t ≤ t 2 ), and then the energy transferred back to source by i − p is higher. Therefore, the coupled inductors is an effective method to reduce circulating current which is shown in (t 1 ≤ t ≤ t 2 ) in Fig. 5 . 
Analysis of conversion ratio
In order to analyze the conversion ratio M DC , the waveform of primary current i P shown in Fig. 5 is considered.
, and I av is the average value of i p . M DC is represented as follows:
where V DC max is the max value of V DC . I av can be represented as follows:
Based on Eqs. (2), (6), the i + p and i − p can be represented as follows:
where
I av also can be represented as follows:
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Based on (13)- (16), the conversion ratio M DC can be got as follows: (17) where
From Eq. (17) it can be seen that conversional ratio
T and turns ratio n. It means that these parameters can be adjusted to satisfy the conversional ratio M DC demanded.
Unfolder of DC/AC stage
As the input of the DC/AC stage is the rectified sinusoidal waveform, the square-wave control can be applied. In the DC/AC stage, the switches turn on and off with the line frequency.This avoids high switching losses caused by PWM control. The transfer function of the unfolder is
Experimental results
The parameters of proposed MIC system are shown as follows: transformer turns ratio n = 4.5, L f 1 = L f 2 = 120 µH, M = 40 µH, C r1 = C r2 = 0.1 µF, the max D on = 0.75, the frequency in DC/DC stage is 50 kHz and in DC/AC stage is 50 Hz. Based on the designed parameters, a 100 W single phase MIC prototype with 48 VDC input and 220 VAC 50 Hz output is constructed. The Experimental operating waveforms of high frequency stage which D on = 0.5 are shown in Fig. 6a -c. Figure 6a shows the primary side voltage of transformer V T P and the primary side current i P . It can be seen that when input power is imposed,i P increases, and when input power is off, i P decreases sharply due to the circulating current is reduced. Figure 6b shows the currents of i Lf 1 and i Lf 2 , and the waveforms agree with the coupling analysis to reduce the circulating current. Figure 6c shows the voltage V Cr1 and V Cr2 of voltage-doubler capacitors C r1 and C r2 . Duo to the interleaved voltage ripples and V DC = V Cr1 + V Cr2 , and then the ripple of V DC is reduced. The Experimental operating waveforms of line frequency are shown in Fig. 7a -b. Figure 7a shows the voltage V Cr1 and V Cr2 of line frequency, and each one is the rectified sinusoidal waveform. Since V DC = V Cr1 + V Cr2 , it means the output of voltage-doubler V DC is doubled, and then the conversional ratio is increased. Figure 7b The rectified sinusoidal voltage V DC is inverted into sinusoidal voltage V o , finally a resistive load is supplied and this is adjusted to give the rated power 100 W at 220 VAC. Due to the interleaved voltage ripples of V Cr1 and V Cr2 , the ripple of V o is less than V Cr1 and V Cr2 . The efficiency comparison between coupled inductors and discrete inductors is shown in Fig. 8 . It is noted that the proposed converter shows the higher efficiency over almost the entire load range because of the reducing of circulating current.
Conclusions
In this paper, a single phase full bridge inverter with coupled filter inductors and voltage doubler in PV module integrated system is proposed. The DC/DC stage operates in high frequency SPWM control to generate the rectified sinusoidal waveforms. The DC/AC stage operates in line frequency square-wave control to generate the sinusoidal waveforms and the switching losses and control circuitry is reduced. In DC/DC stage, the voltage doubler is adopted to increase conversional ratio and the coupled filter inductors are adopted to reduce the circulating current which make the energy transfer back to source. The experimental results of a 100 W prototype MIC have been presented to validate the theoretical analysis. The efficiency of the proposed converter is obtained about 81% at a rated condition.
